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ScienceDirectPseudogenes are defined as fragments of once-functional
genes that have been silenced by one or more nonsense,
frameshift or missense mutations. Despite continuing
increases in the speed of sequencing and annotating bacterial
genomes, the identification and categorisation of pseudogenes
remains problematic. Even when identified, pseudogenes are
considered to be rare and tend to be ignored. On the contrary,
pseudogenes are surprisingly prevalent and can persist for long
evolutionary time periods, representing a record of once-
functional genetic characteristics. Most importantly,
pseudogenes provide an insight into prokaryotic evolutionary
history as a record of phenotypic traits that have been lost.
Focusing on the intracellular and symbiotic bacteria in which
pseudogenes predominate, this review discusses the
importance of identifying pseudogenes to fully understand the
abilities of bacteria, and to understand prokaryotes within their
evolutionary context.
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Introduction
The paradigm for bacterial genomes is that they are small
and efficient. Coding sequences are short — approxi-
mately 1 kb in length — lack introns and are arranged
in such a manner that little coding capacity (i.e. the
amount of ‘active’ coding sequence as a percentage of
the total genome size) is wasted. Operons are organised
‘end-to-end’ with few gaps in between. Generally, pro-
karyotic genome size correlates well with gene number,
unlike in some eukaryotes, where expansions in genome
size tend to show a reduced overall percentage of the
genome coding for genes [1]. Generally, intergenic and
non-functional sequences are scarce in bacteria, probably
due to a propensity for redundant sequences to be
deleted, although decreased coding capacities can be
observed in intracellular bacteria [2]. It is assumed thatCurrent Opinion in Microbiology 2015, 23:102–109 the increased amount of non-coding, intergenic
sequences in intracellular bacteria are the remnants of
genes that have been systematically scrambled by
mutation [3].
In bacteria, pseudogenes, defined here as ‘genes that have
been silenced by one or more deleterious mutations,’ are
commonly detected as fragments of previously described
homologs, and therefore can become difficult to annotate
once significant degradation to the original sequence has
occurred. A comparison between the genomes of any two
species can identify polymorphisms between related
genes that may have altered or ablated their function.
Pseudogenes, therefore, can function as a record of the
proteins, enzymes or pathways that are no longer necess-
ary as the bacterium has adapted to a novel environment.
High throughput DNA sequencing is now an indispen-
sible tool in life sciences. The technology allows the rapid
description of genomes, transcriptomes and epigenetic
features in ways that were not possible a decade ago. In
the area of bacterial genomics and informatics we are
feeling very pleased with ourselves. We can now rapidly
sequence large panels of bacteria to high standards of
finished qualities, and describe important differences
associated with phenotypes [4,5]. Nevertheless, we are
struggling to define or categorise pseudogenes, and to
explain why they persist (i.e. have not been entirely
removed from the genome). We have not examined
whether pseudogenes have any residual function, and
it is not clear why we should invest resources to do so.
The dynamics of gene evolution
In order to emphasise the importance of pseudogenes, it
is important to understand them in the context of the
evolution of a microbial genome. Microbial pathogens
and symbionts exist at different stages along a pathway of
pseudogenisation, which ultimately ends with gene
deletion and a greatly reduced genome size, depending
on the length of time that the cell has co-evolved along-
side its host (Figure 1). From an evolutionary standpoint,
bacterial genomes both expand and contract, depending
upon the rate of acquisition of new genes (and pheno-
types) and the deletion of redundant sequences. Such
dynamics are observable within genera and species (Box
1). The ‘accessory’ genome contains genes that encode
adaptive traits and can expand through horizontal gene
transfer [6], to increase host-range or virulence [7], or
introduce tolerance to antimicrobial compounds [8],
environmental toxins [9], or genes associated with the
establishment or maintenance of symbiosis [10]. Corre-
spondingly, the ‘core’ genome, which encodes essentialwww.sciencedirect.com
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Genome reduction with respect to endosymbionts. Schematic of genome reduction as bacteria move from a free-living environment to a more
specific (intracellular) niche. Initially having large genomes, some reduction in both size and coding capacity is seen as the organism adapts to an
intracellular environment as the selective constraints on some genes are relaxed due to protection or nutrients offered by the host cell. Such
genes are prone to ‘pseudogenisation’ by mutation. Further specialisation results in deletion of redundant sequences and a much-reduced
genome size. The long-term maintenance of reduced coding capacities in recent symbionts may be as a result of some residual function.
Figure 2
polymorphism
premature stopgenes associated with functions such as metabolism, can
remain stable unless large environmental changes occur
— such as adapting to a new environment (e.g. adaptation
to an intracellular lifestyle within a host). Horizontal gene
transfers are common in bacteria, and transfer large
amounts of content, reaching rates exceeding 16 kbp
per million years in Escherichia coli, for instance [11].
Once removed from evolutionary selective constraints,
genes can accumulate deleterious single nucleotide poly-
morphisms, frameshifts or truncations relative to an
ancestral orthologue (Figure 2). A frequent feature of
intracellular prokaryotes is the inability of the organismBox 1 Intracellular bacteria genome evolution
Compared to the free living life style the intracellular environment can
be viewed as a protected, homeostatic, nutrient-rich compartment.
In such an environment a bacterium will have less need for some the
pathways whose function may now be provided by the host, for
instance those involved with metabolism or defence — genes that
would be under strong positive selection to be retained — in a free-
living bacterium. Because of this, many obligate intracellular bacteria
have much smaller genomes than their free-living counterparts, as
such pathways tend to have been deleted. There are a number of
good examples where bacterial genomes have been streamlined.
Wigglesworthia glossinidia, the mutualist symbiont of tsetse flies,
has a genome size of just 700 kb [26]; Mycoplasma genitalium,
the obligate parasite of primate genital and respiratory tracts, 580 kb
[66] and some Buchnera species, mutualist symbionts in aphids,
have genome sizes of between 450 kb and 650 kb [27,67].
www.sciencedirect.com to correct such non-synonymous substitutions, often due
to the lack of proofreading during DNA replication. For
example, the loss of DnaQ-mediated proofreading activi-
ties of DNA polymerase III in M. leprae, the etiological
agent of leprosy [12,13], or recA/F in Buchnera, the primary
symbiont in pea aphids [14], results in increased rates of
mutation. A combination of a lack of error-correction and
the frequent bottlenecks that are associated with anpromoter / RBS
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Methods by which pseudogenes can be formed. A schematic showing
actions of polymorphisms on gene sequences leading to ‘pseudogene’
formation. The top four panels showing polymorphism within coding
sequence or promoter regions. The fifth and sixth panels show
insertions within coding sequences leading to a premature stop or a
frameshift, respectively.
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104 Genomicsintracellular lifestyle results in frequent fixation of non-
sense mutations within the population: Non-synon-
ymous/synonymous (dN/dS) substitutions in
intracellular bacteria regularly reach rates of 1, outstrip-
ping that of free-living bacteria [15]. Non-sense
mutations and frameshifts frequently create pseudogenes
by introducing premature stop-codons, or by destroying
promoters [16,17], start-codons [18], or functional
domains [16,19]. Horizontal gene transfers are probably
the major source of pseudogenes in prokaryotes, as the
majority of the genes transferred likely provide few
benefits and are rapidly silenced due to a lack of positive
selective pressure. Some genes may even be toxic increas-
ing negative selective pressure [20]. Deletion, therefore
represents a mechanism to defend against deleterious
products of gene acquisition and maintains small gen-
omes sizes [21]. Prokaryotic pseudogenisation differs
from the mechanism in eukaryotes, in which retrotran-
sposition (‘processed’), and gene duplication and sub-
sequent degradation of additional gene copies (‘non-
processed’), predominate [22,23]. There are also
examples in intracellular bacteria where transposons or
mobile elements disrupt gene function [24,25].
In obligate mutualist symbionts, genome reduction may
be coupled with dependence upon the symbiont for the
production of certain metabolites that are not provided by
standard nutrition, such as Wigglesworthia providing essen-
tial B-vitamins that are not present in a tsetse fly’s regular
blood meal [26], or Buchnera providing aphids with essen-
tial amino acids that are absent from phloem sap [27].
Arguably, the best example of genome reduction is the
mitochondrion, which is an ancient symbiosis that has
become a eukaryotic organelle in its own right [28];
phylogenetic analysis of cytochrome B and cytochrome
C oxidase I genes suggest mitochondria may have
diverged from a free-living Rickettsiaceae ancestor
approximately 1.5–2.0 billion years ago [29,30]. The most
closely related organism to the eukaryotic mitochondrion
is Rickettsia prowazekii, a gram negative Alpha-proteobac-
terium that causes epidemic typhus. R. Prowazekii has a
1.1 Mb genome that is undergoing substantial reduction
and has a coding capacity of only 76%. Reduced coding
capacities are common in many of the Rickettsiae, which
represent a taxonomically diverse group of obligate intra-
cellular bacteria existing in both symbiotic and patho-
genic relationships with their hosts, and therefore
represent a useful model for understanding pseudogene
content across environments [3,31]. The 49 Rickettsia
genomes available in Ensembl Bacteria (release 22)
[32] have small chromosome sizes (range 0.86–1.82 Mb;
mean 1.23Mb), low %GC contents (mean 31.7%) and
reduced coding capacities (mean 76%). Low %GC con-
tents are important in this context, as alternative-frame
premature stop-codons are more prevalent in AT-rich
genomes, which are hypothesised to serve as error-cor-
recting sequences to minimise the effect of deleteriousCurrent Opinion in Microbiology 2015, 23:102–109 frameshift mutations [33]. The genomes of both M. leprae
[13] and S. glossinidius [24,34] have coding capacities of
only 50%, suggesting there has not been sufficient
evolutionary time or selective pressure for non-coding
regions to be removed.
Pseudogene accumulation is a hallmark of recent adap-
tation to a new host, wherein genes are being selectively
silenced as the organism adapts to its new environmental
niche (Figure 2). Salmonella genomes serve as a useful
example in this instance: Salmonella is a broad host-range
Gram-negative facultative anaerobe that exists in a num-
ber of different hosts, and for which six subspecies and
over 2500 serovars have been identified and several
genomes have been sequenced (Reviewed [35]). Further-
more, the genomes are clonal, around 4.5 Mb in size and
reflect evolutionary changes, such as genome reduction
and horizontal gene acquisition, to adapt to different
niches. Generally, Salmonella enterica serovars with a
broad host-range, such as S. Enteritidis PT4 (113 pseu-
dogenes) or S. Typhimurium SL1344 (63) have fewer
pseudogenes than host-specific serovars like S. Galli-
narum (309), which causes Fowl Typhoid, or the
human-restricted S. Typhi CT18 (204) [35]. Expanding
this to more bacterial genera, the same pattern of
increased pseudogenisation in narrow host range species
can be seen, for example in Yersinia [36], Escherichia and
Shigella [37] and Rickettsia [38].
The mystery of persistence
Some bacteria, particularly younger symbionts such as
Sodalis glossinidius or Baumannia cicadellinicola, maintain
high numbers of pseudogenes, and reduced coding
capacities. Comparisons have shown that pseudogenes
are generally species-specific, and that they are rarely
shared between closely related species [39–44]. A study in
Cicadas reported that two recently diverged bacterial
symbiont species within the same host have non-over-
lapping pseudogenes, and complementary gene contents
that, together, ameliorate individually silenced pathways
[45]. A lack of shared pseudogenes between species also
suggests that redundant genes are either eliminated
rapidly from genomes, or that they are subject to a high
degree of degradation that they are no longer recognised
by standard annotation pipelines [44].
Due to the efficiency of genome architecture in bacteria,
it is unclear why prokaryotic genomes would maintain
reduced coding-capacities. It is tempting to hypothesise
that persistent pseudogenes maintain some function, and
therefore there is some positive selective pressure to
maintain their presence. If there is a selective advantage
to the removal of extraneous DNA, however, due to, for
instance, reducing unnecessary energy expenditure on
DNA replication, transcriptional or translational mechan-
isms, or even to remove toxic genes [35], why should it
take so long for such regions to be deleted? Pseudogeneswww.sciencedirect.com
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the mean half-life of pseudogenes in Buchnera is approxi-
mately 24 million years, [46]. There are two hypotheses to
explain such a high level of persistence: Either there is
some residual function associated with pseudogenes
resulting in a small selective pressure to maintain the
pseudogenised sequence [47], or perhaps there is a bias
towards silencing regulatory sequences thereby removing
the need to delete the pseudogene itself [46].
It is important to understand that ‘pseudogenes’ are, by
definition, a result of bioinformatic analyses that follow a
set of rules for what a gene should look like. Therefore, if a
hypothetical ‘pseudogene’ is processed by cellular
machinery and produces RNA, or a protein (albeit
possibly altered relative to an ancestral orthologue), is
it actually a ‘pseudo’ gene? Unless the regulatory machin-
ery for a given gene has been altered, it is likely that
pseudogene-derived RNA is transcribed. There is
increasing evidence for pseudogene transcription in
eukaryotes: The ENCODE project predicting that 1/
5th of pseudogenes are being actively transcribed [48],
and that some pseudogenes have an active role in regu-
lation through siRNA pathways [49], although evidence
remains elusive in prokaryotes. Microarray-based expres-
sion analyses suggested that a large proportion of the M.
leprae pseudogenes are transcribed [50,51], although it is
unlikely that these transcripts are translated into func-
tional protein. No pseudogene-derived products were
observed from over 300 proteins identified in extracts
from M. leprae isolated from Armadillos [52] and few
peptides were detected matching the nine expressed
pseudogenes identified in S. Typhi Ty2 [53]. Pseudo-
gene-derived protein products are viable, if perhaps rare:
Cloning the M. leprae pyrR pseudogene into E. coli yielded
an appropriately sized protein product [51]. The pyrR
pseudogene contains a premature stop codon, which
corresponds to approximately 75% of its original codingFigure 3
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www.sciencedirect.com sequence relative to its M. tuberculosis orthologue, and an
otherwise intact translational architecture. In a study of
three Yersiniae, between one and forty annotated ‘pseu-
dogenes’ showed evidence of translation [54]. The
concept of pseudogenes being silent in a translational
sense seems to be incorrect, although further evidence for
active protein products being produced from degraded
sequences will help elucidate the extent to which this is
the case (Figure 3).
The size of the problem
Automatic annotation pipelines for prokaryotic genomes
have vastly improved alongside this speed increase:
Prokka, for instance, can annotate the E. coli K12 genome
in only six minutes using a desktop computer [55],
however, the ability to predict and annotate pseudogenes
has lagged behind. Prokka does provide a list of suspi-
cious genes that are potentially pseudogenes, but these
need to be checked carefully.
In contrast, manual re-annotation projects have shown
some success in identifying originally unidentified pseu-
dogenes: For instance, Belda and colleagues used
BLASTX [56] searches of intergenic sequences >50 bp
against the E. coli K12 proteome, and found 529 additional
pseudogenes to the original 927 identified in Sodalis
glossinidius [34]. Similarly, the original E. coli K12 genome
contained only a single pseudogene [57], a subsequent
study found 207 [58]. Table 1 lists some basic statistics
for annotations held for a few bacterial genera taken from
two databases: the Prokaryotic Genome Analysis Tool
(PGAT, [59]) and the Integrated Microbial Genomes
(IMG) database [60]. The level of pseudogene annotation
can be seen to vary depending upon the source of the
data. Downstream analyses, such as gene expression,
comparative genomics or metabolomics or proteomic
studies, rely heavily upon comprehensive and accurate
genome annotations. In this context, it is important toCurrent Opinion in Microbiology
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Table 1
A list of seven genera with the number of genomes analysed, mean genome size, mean numbers of annotated coding sequences and
pseudogenes, and the maximum number of annotated pseudogenes
Source Genome size
(mean bp)
# coding
sequences (mean)
Pseudogenes Coding capacity
(mean %)
Mean Max
Buchnera IMG 620 134 539 2 18 84.7
Burkholderia PGAT 6 741 756 5831 295 493 68.1
IMG 6 788 019 6355 48 4011 84.9
Escherichia/Shigella PGAT 4 979 798 4573 229 858 82.2
IMG 5 167 476 5083 5 675 88.2
Francisella PGAT 1 914 213 1529 264 496 32.3
IMG 1 857 009 1902 25 317 88.0
Pseudomonas PGAT 6 467 936 5717 40 62 86.9
IMG 6 142 996 5814 16 1523 88.4
Rickettsia IMG 1 377 304 1373 10 416 78.4
Salmonella PGAT 4 790 558 4500 153 336 83.4
IMG 4 755 870 4677 13 660 87.2
NB 4 849 106 4460 162 311 n/a
Listed is the mean coding capacity (%) for all of the examined genomes within each genus. Data was taken from the PGAT and IMG databases, or
from the Nuccio and Ba¨umler (2014) reannotation of fifteen Salmonella genomes (‘NB’) [59,60,65]. For the latter, overall coding capacity could not
be calculated.know whether or not gene fragments have been anno-
tated in the genome as discrepancies between annota-
tions may have biological relevance changing gene
function or active metabolic pathways.
An excellent study of fifteen S. enterica strains found that
comparative genomic analysis was hindered by the differ-
ent methods of annotation used on each genome, particu-
larly with reference to predicted pseudogenes [65]. The
authors therefore performed a substantial re-annotation
and identified 1004 novel ‘pseudogenes’. The 15 genomes
contained 471 intact CDS that had been misidentified as
pseudogenes. Analysis of genome degradation in the
corrected genome annotation revealed microbial path-
ways essential for Salmonella gastrointestinal success,
which were inactivated by pseudogenes in extra-intesti-
nal pathovars. Interestingly, the authors propose the term
‘hypothetically disrupted coding DNA sequences’ to
replace the ambiguous ‘pseudogene’ term.
The issue of properly annotating pseudogene-derived
sequences has been underestimated: an extensive survey
of 64 diverse prokaryotic genomes in 2004 estimated a
background level of between 1% and 5% of pseudogene-
derived sequences, and identified 7000 shared pseudo-
genes between genomes [20]. Release 22 of the Ensembl
Bacteria database now contains over 10 000 bacterial
genomes [32], and with the increase in speed of whole
genome sequencing, the number of available bacterial
genomes for comparison is rapidly expanding.
Clearly, high-throughput genomic data analyses are reliant
upon high quality, finished genomes, with correspondinglyCurrent Opinion in Microbiology 2015, 23:102–109 accurate and thorough annotations. Disappointingly, there
is little support for submitting updated annotations to
public databases, although ‘wiki’ based solutions have
been suggested as a potential avenue to address this
problem [61]. Producing and curating comprehensive,
open-source databases of complete bacterial genomes,
their annotations — including pseudogenes — and
associated ‘omics data would serve as an unprecedented
resource for evolutionary biology. Without the ability to
constantly curate ‘re-annotations’ or provide ‘notes’ for
these genomes, we risk such information being lost or
sub-standard genomic information being used.
Systematic analyses combining genomics, transcriptomics
and proteomics can produce comprehensive annotations
and making available such datasets for wider comparison is
of fundamental importance of addressing various prokar-
yotic genomic and evolutionary questions. Initially, high-
quality, broad and deep bacterial genome sequencing can
be rapidly achieved by the latest DNA sequencing tech-
nologies (e.g. PacBio [4,5,62]). The presence of active
transcription and translation in annotated pseudogenes
could be determined by RNAseq [63], including transcrip-
tion start sites, operon structure, promoters, and antisense
regulation (e.g. [64]). Combining computational predic-
tions of gene content with deep proteomic profile using
mass spectrometry, for instance, has been shown to
improve the accuracy of annotations [54]. Further studies
could reveal the presence of any functional activity that
remains selectively important, implicating reasons for
pseudogene persistence, or conversely, any post-transcrip-
tional regulation mechanisms that remove any residual
pseudogene products that may be damaging.www.sciencedirect.com
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